Six-dimensional quantum dynamics of dissociative chemisorption of H2 on Cu(100) by Kroes, G.J. et al.
VU Research Portal
Six-dimensional quantum dynamics of dissociative chemisorption of H2 on Cu(100)
Kroes, G.J.; Baerends, E.J.; Mowrey, R.C.
published in
Journal of Chemical Physics
1997
DOI (link to publisher)
10.1063/1.474682
document version
Publisher's PDF, also known as Version of record
Link to publication in VU Research Portal
citation for published version (APA)
Kroes, G. J., Baerends, E. J., & Mowrey, R. C. (1997). Six-dimensional quantum dynamics of dissociative
chemisorption of H2 on Cu(100). Journal of Chemical Physics, 107, 3309. https://doi.org/10.1063/1.474682
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl
Download date: 23. May. 2021
DownThe influence of surface motion on the direct subsurface absorption
of H2 on Pd „111…
R. A. Olsen
Theoretische Chemie, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
G. J. Kroes
Leiden Institute of Chemistry, Gorlaeus Laboratories, Postbus 9502, 2300 RA Leiden, The Netherlands
O. M. Lo”vvik
University of Oslo, Department of Physics, P.O. Box 1048 Blindern, N–0316 Oslo, Norway
E. J. Baerends
Theoretische Chemie, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
~Received 8 July 1997; accepted 25 August 1997!
Based on density functional theory~DFT! within the generalized gradient approximation~GGA! we
have calculated a three-dimensional~3D! potential energy surface~PES! for H21Pd~111!,
depending on two hydrogen molecular degrees of freedom and one palladium surface degree of
freedom. The PES is then used in 3D quantum mechanical wave packet calculations to investigate
the effect of the surface motion on the direct subsurface absorption. We also compare the full 3D
calculations to calculations where the surface motion is included through the sudden approximation.
The calculations show a large downward shift of the onset energy for direct subsurface absorption
upon inclusion of palladium surface motion~from 0.74 eV to 0.40 eV for H2). The use of the sudden
approximation works well at collision energies greater than 1.3 eV~for H2), but leads to a
significant underestimation of the direct subsurface absorption probability at lower energies.


















































Both experimental1–7 and theoretical2,3,8–18studies agree
upon the existence of a hydrogen absorption site on
Pd~111! surface being energetically more favorable than
Pd bulk site and located between the first and second m
layer, a so-called subsurface site. Gdowski, Stulen,
Felter6 further claim that hydrogen can absorb directly in
the palladium bulk, without equilibrating in the chemisor
tion well.
We will use the term direct subsurface absorption to
scribe the process of a hydrogen molecule dissociating
its atoms penetrating directly into the subsurface sites w
out equilibrating in the chemisorption wells. This as oppos
to the indirect process where the hydrogen molecule diss
ates, its atoms equilibrate in the chemisorption wells on
surface and then penetrate into the lattice through therm
assisted diffusion.
An attempt to model this direct process theoretically w
made in Ref. 14 by constructing a model PES and perfo
ing quantum mechanical wave packet calculations emp
ing this PES. Due to the model character of the PES and
treatment of only two molecular degrees of freedom, no cl
conclusion on the possibility of direct subsurface absorpt
could be drawn. Munn and Clary17 then used the model PE
introduced in Ref. 14 to include an angular degree of fr
dom for the hydrogen molecule. They found a substan
probability for hydrogen penetrating directly into the subs
face sites even for the smallest incident kinetic energies
the molecule. Again the model character of the PES mad
difficult to draw any clear conclusions on the possibility10652 J. Chem. Phys. 107 (24), 22 December 1997 0021-9606/9






















direct subsurface absorption, but the study demonstra
clearly the importance of including additional degrees
freedom in the PES.
In Ref. 18 a two-dimensional~2D! PES based on DFT
within the GGA was introduced for the H21Pd~111! system.
The PES had a large barrier to subsurface absorption, an
quantum mechanical wave packet calculations there
showed no subsurface penetration for a H2 molecule in its
ground vibrational state until the incident kinetic energy
the molecule reached about 0.75 eV. But the calculati
also showed that the barrier was strongly dependent o
given displacement of the palladium surface atoms, as
suggested by earlier studies.9,11,15,16
In calculations on H2 dissociation on metal surfaces on
often makes the assumption that the metal surface can
treated as static. This assumption is justified by sugges
that the mass mismatch between the molecule and the
face atoms is too large to allow for an efficient energy tra
fer, and that the densely packed metal surfaces hinder l
surface rearrangements.19 But if, as suggested by Darling an
Holloway,20 a displacement of the surface atoms leads t
sufficiently large change in the PES, the influence of
surface atoms’ motion still can be appreciable. Furthermo
if the timescales of the hydrogen molecule’s interaction w
the surface and the motion of the surface atoms are com
rable, as suggested in Ref. 14, the surface degrees of free
might need to be given a fully dynamical treatment—it mig
not be sufficient to include the surface motion in an appro
mate manner. Finally, it is easy to see that treating the
face motion could be of special importance to direct subs7/107(24)/10652/10/$10.00 © 1997 American Institute of Physics







































































10653Olsen et al.: Subsurface absorption of H2 on Pd
Downface absorption: In this case the dissociating molecule ha
move through the first surface layer, which process can
made easier by allowing surface motion so that surface
oms can get out of the molecule’s way.
The above considerations have motivated our pres
study, where we present a 3D PES based on DFT within
GGA, including two hydrogen molecular degrees of freed
and one palladium surface degree of freedom. The PE
employed in quantum mechanical wave packet calculatio
and the effect of the surface degree of freedom on the di
subsurface absorption is investigated in full 3D dynami
calculations. For comparison, we will also show results
applying the sudden approximation to the surface degre
freedom. The sudden approximation to surface motion ha
earlier studies been applied to the diffractive and phon
inelastic scattering of a light atom from a surface,21 and to
rotationally and diffractionally inelastic molecule-surfa
scattering.22 Here we show how to apply the method to o
tain the direct subsurface absorption probability. In mak
the comparison between the full 3D results and the result
the sudden approximation, we also consider the timesc
associated with the different motions taking place during
molecule’s encounter with the Pd~111! surface.
The paper is organized as follows. In Sec. II we descr
the new 3D PES and in Sec. III we discuss the techniq
used in the quantum mechanical wave packet calculati
The results of these calculations are presented in Sec. IV,
Sec. V concludes.
II. THE DFT PES CALCULATIONS
The electronic structure calculations were performed
ing BAND.23–25 The hydrogen molecule was adsorbe
absorbed within a 232 surface unit cell on one side of a
layer slab as shown in Fig. 1. The same basis set and c
FIG. 1. The palladium atoms constituting the slab used in the calculation
the PES are shown. The 232 surface unit cell is marked by the solid line
The two small white discs represent the hydrogen atoms. The arrows
cate how the palladium atoms in the topmost layer have been displaced
their equilibrium positions. The displacements of the atoms in the figur
exaggerated for clarity.J. Chem. Phys., Vol. 107, N
























putational parameters as in Ref. 18 were used. For a m
complete description of the method and a discussion of
proximations and convergence we refer to Ref. 18. Here
only restate the conclusion: The energies constituting
PES should be converged to within 0.1 eV of the GGA lim
for the H21Pd~111! system. In Ref. 18 it was also show
that the GGA PES compared favorably with the experim
tal known values.
The three degrees of freedom included in our PES
the distance of the molecule’s center of mass to the surf
Z, the hydrogen molecule’s bond distance,r , and a coordi-
nate describing a displacement of the palladium surface
oms, q. Z is taken positive above the surface and negat
below the surface. The center of mass of the hydrogen m
ecule is always kept above/below the bridge site, and
bond axis is kept parallel to the surface plane. The ato
move from the bridge site towards the threefold hollow si
as indicated in Fig. 1. The displacement pattern of the pa
dium surface atoms within the 232 surface unit cell is also
shown in Fig. 1. This corresponds to the lattice vibrating
two single surface phonon modes, both with a wave vec
corresponding to theM̄ point in the surface Brillouin zone.26
They both have a purely longitudinal polarization, and w
have restricted the motion to the topmost layer. The wa
vectors form an angle of 60 degrees, and the two modes
of course have the same frequency. The superposition o
two longitudinal M̄ surface phonons and the resulting d
placements are illustrated in Fig. 2.
The motivation for this choice of the palladium surfa
atoms’ displacements is that we want to include a motion
the surface atoms which is favorable for subsurface pene
tion. Due to computational considerations we would like
describe this motion by one coordinate only and a sin
frequency. We also believe, however, that this is a reas
able choice. Other studies have shown that some sur
phonons are strongly localized to one metal layer,27–29so the
restriction of complete localization to the topmost layer m
be regarded as a reasonable approximation. Rusinaet al.27
have also found that there exists a surface mode at theM̄
point with a substantial fraction of longitudinal displac





FIG. 2. The palladium atoms in the topmost layer are shown. The 232
surface unit cell is marked by the solid lines. The two thin arrows on e
palladium atom indicate the displacements belonging to each of the
longitudinal polarizedM̄ surface phonons. The displacement resulting fro
the superposition of these two phonons are indicated by the thick arr
The two phonon wave vectors,M̄ 1 and M̄ 2, are also shown~not drawn to
scale! with an angle of 60 degrees between them.o. 24, 22 December 1997

























































10654 Olsen et al.: Subsurface absorption of H2 on Pd
Downthe assumption of the existence of a longitudinally polariz
M̄ surface phonon completely localized to the topmost la
is reasonable.
Studying two single phonon modes is somewhat qu
tionable, since a real metal surface generally vibrates
superposition of a large number of phonon modes. Wha
the most important is however that our results are of phys
relevance. We want to find out whether the hydrogen m
ecule’s degrees of freedom and the metal surface degre
freedom are dynamically coupled. Then the crucial poin
that the surface is treated dynamically, and not that we
scribe the displacements exactly. But, as will be explaine
Sec. IV, we also believe that we find the correct qualitat
effect of the influence of the surface motion on the dir
subsurface absorption probability. In light of this, our mod
should be well motivated.
The frequency of the surface motion we have chosen
be found in the following manner. From Fig. 2 we can im
mediately write down the Hamiltonian governing the moti
in q for the four Pd atoms in the topmost layer in the 23
surface unit cell,














where mq58mPd/3, pq5mqq̇, q̇5dq/dt, and mPd is the
mass of the palladium atom. Performing a set of calculati
on a bare Pd slab with different values of the displacemenq,
the potential energy dependence onq, VPd(q), can be deter-










This gives the value 27 meV forv0 which is quite close to
the angular frequency 24 meV corresponding to the De
temperature of palladium of 274 K30 and also reasonabl
close to the value of 20 meV given in Ref. 27 for one of t
M̄ surface phonons. As mentioned above, in the displa
ment of the surface Pd atoms we have allowed only the
oms in the topmost layer to move. This makes the mo
lattice appear stiffer than the real lattice and it is therefore
surprise that we find a somewhat higher frequency.
We will treat the motion in the surface coordinate,q,
within a harmonic approximation. We have tested the
proximation on the bare surface, and the anharmonic te
turned out to be very small. Our 3D PES can thus be writ
as
V3D~Z,r ,q!5c0~Z,r !1c1~Z,r !q1c2~Z,r !q
2. ~3!
The 3D PES can therefore be built up from three 2D PE
with different values for theq coordinate. In Ref. 18 a 2D
PES with q050 (V2D
q0 ) was calculated. For this study w
have calculated two additional 2D PESs withq150.147a0
(V2D
q1 ) and q250.294 a0 (V2D
q2 ). The choice ofq1 and q2J. Chem. Phys., Vol. 107, N

























might seem a bit strange at first sight. But they are chose
that we get as good a description as possible of the ba
region of the PES. Since, as we will see later, the minim
barrier occurs for a value ofq of about 0.19a0, we have
chosen to have one value close to this one and the other
on each side of this value. The expansion coefficients in
~3! are related to the three 2D PESs according to
c0~Z,r !5V2D
























q0 ~Z,r !#. ~6!
Each 2D PES has been fitted to bicubic splines from a se
66 points as described in Ref. 18.
In Fig. 3 the 2D PESsV2D
q0 and V2D
q1 are shown. They
both show how the hydrogen molecule bond is broken a
energy gained when the molecule approaches the Pd~111!
surface. A barrier separates the subsurface absorption m
mum from the chemisorption minimum. By comparing Fig
3~a! and 3~b!, we see that the influence of the surface moti
is appreciable. In Fig. 3~a! the saddle point, or the barrier t
subsurface penetration, is located atZ520.2 a0 and r
53.2 a0 with a value of about 0.9 eV~the energy is given
relative to a free hydrogen molecule and a bare Pd slab w
q50.0). In Fig. 3~b! the position of the saddle point has n
changed by much,Z520.4a0 andr 53.2a0, but the energy
has changed to about 0.5 eV. Thus the barrier to direct s
surface absorption has decreased from about 0.9 eV to a
0.5 eV. To see the influence of the surface motion m
clearly, we show how the energy varies in the surface co
dinate, q, along a reaction path. The reaction path is t
minimum energy path from the H2 gas phase potential to th
subsurface absorption minimum. It is described by a coo
nates, and it is depicted in Fig. 3~a!. The values50.0 cor-
responds toZ55.0 andr 51.4, ands51.0 corresponds to
Z521.1 andr 53.3. From Fig. 4 we see that for the small
values ofs the minimum energy occurs forq50.0, i.e., when
the hydrogen molecule is more than about 3.0a0 away from
the surface, the surface remains in its free surface equ
rium position. But when the surface is approached and
barrier climbed, the minimum energy shifts towards posit
q values. The minimum barrier to subsurface penetratio
about 0.45 eV and occurs for a value of theq coordinate of
about 0.19a0.o. 24, 22 December 1997
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DownIII. THE WAVE PACKET CALCULATIONS

















The hydrogen molecule’s total and reduced mass are den
M and m, respectively, andmq is the mass associated wit
the surface motion given in the previous section. The in
action potential,V(Z,r ,q), will be described later.
To obtain the reaction probabilities, the time-depend
wave packet method is employed. The initial wave functi
C(Z,r ,q,t0), is written





wherexn(r ) is a vibrational eigenfunction of the hydroge
molecule labelled by the quantum numbern, fnq(q) is a
FIG. 3. Contour plots of the two 2D PESs forq50.0 ~a! andq50.147a0
~b!. The contour spacing is 0.3 eV, and the energies are relative to a
hydrogen molecule and a bare Pd slab withq50.0. The black squares show
the position of the saddle points. They have the values 0.9 eV in~a! and 0.5
eV in ~b!. The first contour line near the bottom of the H2 gas phase poten
tial is 0.1 eV in~a! and 0.4 eV in~b!. In ~a! also the reaction path discusse
in the text is shown.Z is the hydrogen molecule’s center of mass distance
the surface andr the molecule’s bond length.J. Chem. Phys., Vol. 107, N




harmonic oscillator eigenfunction for the surface motion
belled by the quantum numbernq , andb(kz) is the momen-






This gives an initial wave function centered onZ0 with kz0
being its average translational momentum in theZ direction
andz determining the width of the momentum distributio
The time evolution of the wave function is then obtained
acting with the time evolution operator,e2 iĤ t, on the initial
wave function through the use of the Chebyshev techniqu31
The wave function is represented on a grid with equa
spaced gridpoints spanning the region26.0,Z,18.0 a0
and 0.2,r ,9.2 a0 with 240 and 60 points in theZ and r
directions, respectively. For theq coordinate we use a dis
crete variable representation~DVR! based on a Gauss–
Hermite quadrature rule.32,33 Convergence of the results wa
achieved by taking the number of Gauss–Hermite po
equal to the number of all open channels. Both the Fou
representation and the gaussian accuracy Gauss–He
DVR of the potential energy operator are diagonal in r
space.32–34 Thus the action of the potential energy opera
on the wave function can be calculated by multiplying t
wave function by the potential energy at each grid/DV
point. The kinetic energy part of the Hamiltonian is found
the fast Fourier transform technique34,35 for the Z and r co-




FIG. 4. Contour plot of the energy dependence on the surface coordinaq,
and the reaction path coordinate,s. The contour spacing is 0.2 eV, and th
energies are relative to a free hydrogen molecule and a bare Pd slab
q50.0.o. 24, 22 December 1997
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Down]2
]q2













whereNq is the number of Gauss–Hermite points andqk and
ql are the Gauss–Hermite quadrature points. It is worth n
ing that the gaussian accuracy Gauss–Hermite DVR we
differs from the gaussian accuracy Gauss–Hermite D
used in Ref. 33. The representation used in this study g
harmonic oscillator eigenfunctions equal to the analyti
eigenfunctions of the harmonic oscillator in the Gaus
Hermite quadrature points, while the representation use
Ref. 33 does not. However, they are both valid represe
tions connected by the orthogonal transformation ma
Ui j 5(21)
id i j . As long as one makes sure that the eige
functions used correspond to the chosen representation,
representations would yield identical results in the wa
packet calculations.
Optical potentials of a quadratic form36 have been used
to absorb the wave packet in the regions26.0,Z,21.1a0,
12.1,Z,18.0a0, and 5.0,r ,9.2 a0. This avoids artificial
reflection from the grid boundaries. A time step of 100 a
~2.4 fs! has been used in the Chebyshev expansion to a
the problem of the Chebyshev expansion being unstable
long propagation steps upon including optical potential37
To keep the grid small in theZ direction the wave packet i
brought in on a separate, one-dimensional grid using the
jection operator formalism of Neuhauser and Baer.38
Analogous to Ref. 18 we analyze the flux through
plane to determine the probability for direct subsurface
sorption. The initial state-selected, energy resolved sub











where the stationary scattering states,C1(kzuZ,r ,q), and







dt exp~ iEt !













~Z,r ,q,t !. ~12b!
The time integrals above are evaluated from the start of
propagation,t50, to a time,t5tmax, when the wave func-
tion has left the interaction region completely and beenJ. Chem. Phys., Vol. 107, N




















sorbed by the optical potentials in the asymptotic regio
We refer to Refs. 18,37,39,40 for a more detailed descrip
of these techniques.
In applying the sudden approximation to the surface m
tion, we neglect the kinetic energy operator]2/]q2 in Eq.
~7!. We assume that the final subsurface state may be wr
asj f(Z,r )fn
q8
(q), i.e., that the motion inZ andr on the one
hand and the surface motion on the other hand are sepa
in the final subsurface state, the state associated with
motion of the subsurface dissociated molecule being labe
by the quantum numberf . In the sudden approximation
S-matrix elements for a (nnq→ f nq8) transition are obtained
by calculating
Snnq→ fnq8~kz!5E dqfnq* ~q!Sn→ f~kz ;q!fnq8~q!
5^fnq~q!uSn→ f~kz ;q!ufnq8~q!&, ~13!
whereSn→ f(kz ;q) are theS-matrix elements obtained from












The use of Eq.~13! to obtain the probabilitiesPnnq→ fnq8(kz)
requires one to work with a formalism designed to obta
S-matrix elements. However, initial state selective probab
ties which are summed over the final surface vibratio






~q!uSn→ f* ~kz ;q!ufnq~q!&
5^fnq~q!uuSn→ f~kz ;q!u
2ufnq~q!&
5^fnq~q!uPn→ f~kz ;q!ufnq~q!&, ~15!
where we have used the completeness relation for the sur
vibrational states. It is then trivial to show that the initi
state dependent subsurface reaction probability is given





Pn→ f~kz ;q!. ~17!
In this paper we do not compute individual reaction pro
abilities Pn→ f(kz ;q) to obtain the initial state-selected rea
tion probability by summation. Rather,Pn(kz ;q) is obtained
directly by performing 2D calculations using the flux
formalism above for obtaining initial state-selected react
probabilities,o. 24, 22 December 1997






















































for a number of different Gauss–Hermite quadrature po
in q. After this, application of Eq.~16! yields the direct sub-
surface absorption probability in the sudden approximati
The PES in Eq.~3! has not been calculated forZ.5.0
a0. But by using a switching function to append the H2 gas
phase potential,VH2(r ), and the free surface potentia
VPd(q), to this PES, we make sure the interaction potent
V(Z,r ,q), needed in Eq.~7! is defined also forZ larger than
5.0 a0:
V~Z,r ,q!5V3D~Z,r ,q!, Z<5.0a0 ,
V~Z,r ,q!5 f switch~Z!V3D~5.0a0 ,r ,q!1@12 f switch~Z!#
3@VH2~r !1VPd~q!#,
5.0a0,Z,6.75a0 ,
V~Z,r ,q!5VH2~r !1VPd~q!, Z>6.75a0 . ~19!











Furthermore, the PES is set equal to its value on the p
Z521.1 a0 for all planes withZ,21.1 a0. This then con-
stitutes the interaction potential,V(Z,r ,q), in Eq. ~7!. More
comments can be found in Ref. 18.
IV. RESULTS
Results for the direct subsurface absorption probab
of n50 H2 ~D2) with the surface in the initialnq50 state
are shown in Fig. 5. Results for a static surface are a
shown. There are some important effects on the probab
for direct subsurface absorption when including Pd surf
motion. For H2 ~D2) the onset of direct subsurface penet
tion is shifted down from 0.74 eV~0.79 eV! to 0.40 eV~0.48
eV!. We also see that the curve for direct subsurface pene
tion becomes a lot smoother upon including surface mot
i.e., the presence of resonance structures is appreciabl
duced. But, disregarding the structure in the static result,
also see that the curve for the static surface follows the cu
including surface motion quite closely for the higher en
gies.
The energy dependence ofP00(kz) as obtained with the
sudden approximation by the used of 21 Gauss-Herm
points in Eq.~16! is compared to the exact results in Fig.
The sudden approximation seems to perform quite wel
first glance. But a closer look at the low energy regime
the H2 ~D2) curve reveals important differences. For the f
3D calculation the onset of direct subsurface absorption
curs around 0.40 eV~0.48 eV!. In the sudden approximatio
the onset lies at about 0.55 eV~0.63 eV!. Thus the suddenJ. Chem. Phys., Vol. 107, N




















approximation does not describe the low energy tail of
direct subsurface absorption curve well. At higher energ
however, the agreement is better.
To help interpret the results in Figs. 5 and 6 we ha
performed a full 3D calculation~with the maximum value of
Z allowed on the grid increased to 36.0a0) on an initial
wave packet centered on a translational energy of about
eV with a narrow distribution in energies. In Fig. 7 we ha
plotted the expectation value of the kinetic energy in theq
coordinate (̂Kq&), the expectation value of theq coordinate
(^q&), and the expectation value of theZ coordinate, the
hydrogen molecule’s center of mass distance to the sur
(^Z&). We see that the hydrogen~deuterium! molecule
spends a time of about 2000 a.u.~2500 a.u.! closer than 3.0
a0 from the surface. During this time a bit of the wav
packet penetrates the subsurface region and is absorbe
an optical potential. Another part of the wave packet lea
through the surface channel and is also absorbed by an
cal potential, i.e., the hydrogen~deuterium! molecule disso-
ciatively adsorbs on the surface. The rest of the wave pa
is scattered back towards the entrance channel. Figu
clearly shows how energy is transferred from the molecule
he surface during the encounter and that the transferred
ergy remains in the surface coordinate after the collision. T
result for the expectation value ofq indicates that the wave
packet is steered in the direction of the minimum barri
which occurs for an extended value ofq as discussed in Sec
II. Or stated differently, the incoming molecule pushes t
FIG. 5. The probability for direct subsurface absorption (P) for H2 and D2
initially in their ground vibrational state for different initial translationa
energies (Etrans). Results for a static surface~2D! and a surface initially in its
ground vibrational state~3D! are given.o. 24, 22 December 1997
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Downpalladium atoms away from their equilibrium positions, a
this leads to the hydrogen atoms seeing a reduced barri
subsurface penetration. The steering is the reason for
0.34 eV~0.31 eV! downshift in the onset of direct subsurfac
absorption seen in Fig. 5 for H2 ~D2). Thus we see that the
collision time of about 2000 a.u.~2500 a.u.! for H2 ~D2) is
long enough compared to the timescale of the surface mo
of about 6400 a.u. (2p/v0) for an efficient steering to take
place. However, the motion in theq coordinate does no
completely follow the minimum energy path to the subs
face region—if it had done so the downshift in the onset
direct subsurface absorption would have been about equ
the reduction in the barrier of about 0.45 eV. As discusse
Sec. II the minimum barrier occurs for a value ofq of about
0.19 a0. From Fig. 7 we see that during the collision th
expectation value ofq does not exceed about 0.12a0 ~0.15
a0), and the minimum barrier is not reached, i.e., the stee
is not strong enough to let the wave packet follow the mi
mum energy path to the subsurface region.
The observed steering also explains why the sudden
proximation does not do so well for the low energies. T
steering of the wave packet towards the minimum bar
means that neglecting the kinetic energy operator inq,
]2/]q2, is too crude an approximation. Thus for low incide
kinetic energies the surface and molecular degrees of f
dom are dynamically coupled. Increasing the incident kine
energy shortens the collision time, and the steering is
FIG. 6. The probability for direct subsurface absorption (P00) for H2 and D2
initially in their ground vibrational state for different initial translation
energies (Etrans). Results for a full 3D treatment and the sudden approxim
tion are given. The surface is initially in its ground vibrational state.J. Chem. Phys., Vol. 107, N















longer so efficient. Again stated differently, the hydrog
molecule does not manage to push the palladium atoms
enough away from their equilibrium position for the hydr
gen atoms to experience a reduced barrier. The sudden
proximation therefore works better.
As mentioned in Sec. II, and also pointed out by t
referee, we are only treating one out of many possible s
face modes. Although our model clearly shows that the c
sen mode is dynamically coupled to the molecular degree
freedom in the low energy regime, it is not evident that th
single mode will predict the correct qualitative effect of
general surface motion on the direct subsurface absorp
probability. In Ref. 41 it was shown that the surface moti
reduces~as compared to a model where the nickel atoms
not allowed to move! the resurfacing rate of hydrogen place
in subsurface sites on Ni~111!, and Yang and Rabitz42 found
hat surface motion had minimal effect on the penetration
energetic hydrogen atoms on a Pd~100! surface. But we be-
lieve that the enhanced subsurface penetration at lower e
gies seen in our single mode model is qualitatively corr
and would still be seen if the model included a more co
plete description of the surface motion. The reason is as
lows: In Sec. II we saw that the PES was strongly depend
on the positions of the surface atoms. The motion of
surface atoms according to the mode we have chosen
probably one which yields the largest decrease~and increase!
of the barrier. All other surface motions would probably gi
a smaller energetic variation of the barrier. Thus a PES
cluding all possible surface modes is likely to show t
strongest energetic variation along the mode we have cho
As explained above, the downshift in the onset of direct s
surface absorption seen in Fig. 5, is caused by steering a
-
FIG. 7. The expectation value of the kinetic energy in theq coordinate
(^Kq&), the expectation value of theq coordinate (̂q&), and the expectation
value of theZ coordinate (̂Z&) are given as function of time. The initia
wave packet is centered on a translational energy of about 0.52 eV and
a narrow distribution in energies. Both the molecule and the surface
initially in their ground vibrational states.o. 24, 22 December 1997
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Downthe surface coordinate. On a multi-dimensional PES incl
ing all surface modes, the wave packet can be expected t
steered in the direction of the largest decrease in pote
energy, i.e., in the direction described by our chosen mo
Stated a bit differently, the interaction between the surf
modes and the molecular degrees of freedom is domin
by the mode we have chosen. Although the other modes
influence the results quantitatively, we do not think they w
change them qualitatively.
Returning briefly to Fig. 5~a!, it looks like the 3D curve
is a bit shifted towards lower energies when compared to
2D curve. To see this more clearly we have convoluted
curves by using the simple convolution
Pconv~Etrans!5E dE f~E;Etrans!P~E!, ~21!
where
f ~E;Etrans!5H 12DE Etrans2DE,E,Etrans1DE
0 otherwise
~22!
with DE50.2 eV. The results are shown in Fig. 8. As see
at energies lower than 2 eV the 3D curve is always above
2D curve.











The surface vibrational ground state and the first ten
cited states have been used in the above formulas to
verge the results up to a temperature of 700 K. There
three things to note from the results in Fig. 9. The onse
the direct subsurface absorption does not depend on the
perature. It remains at about 0.40 eV for the temperatu
shown. However, for energies larger than about 1.0 eV
FIG. 8. The convolution of the curves in Fig. 5~a! is shown, using Eqs.~21!
and ~22! ~see text!.J. Chem. Phys., Vol. 107, N



















do see a broadening of the reaction curve upon increasing
temperature. And finally the results suggest that there is
isoprobabilistic point at an energy of about 1.85 eV in t
three curves.
In Ref. 43 Dohle and Saalfrank used the surface osci
tor ~SO! model of Hand and Harris,44 the surface mass~SM!
model of Luntz and Harris,45 and their own modified surface
oscillator ~MSO! model to study the effect of the surfac
temperature on the dissociative adsorption of H2 on a Cu
model surface. Although we are treating a different probl
@direct subsurface absorption of H2 on Pd~111!#, it is inter-
esting to consider the similarities as well as the differen
found for the influence of surface motion on dissociati
adsorption and direct subsurface absorption.
In direct subsurface absorption, we find that heating
surface does not promote reaction in the low energy on
regime. This is in contrast to dissociative adsorption. A p
sible explanation is that, as discussed above, steering a
the surface coordinate is important in the low energy on
regime of direct subsurface absorption. In such a mechan
it will not be very helpful if the surface atoms move fast
initially. In dissociative adsorption, however, the PES can
expected to have a much weaker dependence on the su
coordinate and steering along the surface coordinate sh
not be as important a mechanism for reaction—therefor
different dependence of the temperature in the low ene
onset regime might be expected.
At higher energies, we find a broadening of the subs
face reaction probability curve with increasing temperat
around an isoprobabilistic point, as is found in all mode
looking at dissociative adsorption.43–45Increasing the surface
temperature has thus similar effects on dissociative ads
tion and direct subsurface absorption: At low collision en
gies, exciting the phonon motion helps the molecule to ov
come the barrier to reaction, whereas at high collis
nergies exciting the phonon motion inhibits the reaction
Finally, as noted above for direct subsurface absorpt
the 3D reaction probability curve is on average above the
curve, as shown most clearly in Fig. 8. Thus, surface mot
promotes direct subsurface absorption. In this respect, d
FIG. 9. The probability for direct subsurface absorption (P0) for H2 initially
in its ground vibrational state for different initial translational energi
(Etrans). Results for three different temperatures (T) are given.o. 24, 22 December 1997
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Downsubsurface absorption is similar to dissociative adsorption
viewed in the MSO model of Dohle and Saalfrank,43 but
different from dissociative adsorption in the SO44 and SM45
models. In the MSO model, the reaction probability cur
shifts to lower energies upon inclusion of surface motio
whereas an upward shift is found for the SO and SM mod
The similar behavior of the direct subsurface absorpt
probability and the dissociative adsorption probability in t
MSO model is easily understood: In the MSO model, t
reaction barrier height is allowed to vary with the phon
coordinate, as is also the case for the PES we have used
to model direct subsurface absorption. In contrast, the
and SM models only make the location of the barrier dep
dent on the phonon coordinate.
V. CONCLUSIONS
We have used density functional theory within t
generalized gradient approximation to calculate
three-dimensional~3D! potential energy surface~PES! for
H21Pd~111!, describing two hydrogen molecular degrees
freedom and one palladium surface degree of freedom.
PES is strongly dependent on the surface coordinate.
minimum barrier to subsurface penetration is reduced fr
about 0.9 eV for a static surface to about 0.45 eV when
surface motion is included.
Full 3D quantum mechanical calculations were p
formed on the PES and compared to calculations treating
Pd surface motion in a sudden approximation. These ca
lations showed that at collision energies lower than ab
1.0–1.1 eV the strong dependence of the PES on the su
coordinate leads to a steering of the wave packet along
surface coordinate towards the minimum barrier. Thus
onset of direct subsurface absorption was shifted down b
much as 0.34 eV~0.31 eV! for the H2 ~D2) molecule when
comparing calculations including palladium surface mot
and calculations on a static Pd~111! surface. The efficient
steering at low energies could be understood by looking
the timescales—compared to the phonon vibrational per
the collision time is long enough for the wave packet to
steered in the direction of the minimum barrier~along the
phonon coordinate!. This also explained the breakdown
the sudden approximation for the low energies—the mole
lar and surface degrees of freedom are dynamically cou
in the low energy regime.
We also saw how the sudden approximation perform
quite well for the higher energies (E.1.3 eV for H2, E
.1.1 eV for D2) or shorter collision times. For the highe
energies the steering is no longer so efficient, and the
lecular and surface degrees of freedom can be decou
through the sudden approximation.
Furthermore, in simulating the effect of a surface at
nite temperature, we found a thermal broadening of the
rect subsurface absorption probability curve and an isopro
bilistic point. The onset of direct subsurface absorption w
found to be independent of the temperature. We furt
found that allowing surface motion at 0 K promotes direct
subsurface absorption, as is also found for dissociativeJ. Chem. Phys., Vol. 107, N



































orption in the modified surface oscillator model of Doh
and Saalfrank43 in which the barrier height to dissociation
allowed to vary with a phonon coordinate.
We conclude that, for computing the direct subsurfa
absorption probability of H21Pd~111!, it is important to in-
clude the effect of the surface motion. In the low collisio
energy regime the palladium surface motion must be give
full dynamical treatment—the molecular and surface degr
of freedom are dynamically coupled. However, in the hi
energy regime, the surface motion can be included thro
the sudden approximation.
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